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BimC motor protein KLP61F cycles between mitotic spindles and
fusomes in Drosophila germ cells
Patricia G. Wilson
KLP61F in Drosophila is a member of the BimC family of
kinesins and, as for other family members [1], is required
for spindle assembly [2,3]. KLP61F is a bipolar
homotetramer that cross-links spindle microtubules [4].
It is not known, however, whether the function of
KLP61F is dedicated to mitosis or whether KLP61F
interacts exclusively with microtubules. Previous work
suggested that KLP61F functions during interphase in
proliferating germ cells [3]. Cytokinesis is incomplete in
germ cells and a branched cortical structure known as a
fusome extrudes through intercellular bridges called ring
canals. Here I show that, in germ cells, KLP61F cycles
between spindles during mitosis and fusomes during
interphase. Inspection of fusome-deficient hu-li tai shao
(hts) mutants indicated that KLP61F gains fusome-
dependent interactions near telophase that mediate its
incorporation into these structures. KLP61F proved to be
maintained in fusomes by microtubule-independent,
detergent-resistant interactions. Inspection of KLP61F
mutants indicated that KLP61F is required to recruit
fusome material to spindle midbodies near telophase
and for normal fusome organization. These observations
suggest that KLP61F is bifunctional in germ cells, with
microtubule-dependent functions in spindle assembly
and microtubule-independent functions in fusome
organization. Cytological analyses with antibodies
against phosphorylated Eg5 peptide [4] suggest that
cycling of KLP61F might reflect phosphorylation.
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Results and discussion
Early cytological studies revealed that fusomes are built
from spindle residue, growing in sequential mitotic cell
cycles into branched structures that connect cells within
the cyst [5,6]. Although the process of fusome assembly is
not fully established, a cyst progenitor appears to be born
with a spherical fusome (Figure 1a). Fusomes are enriched
in actin-binding proteins that are typically found in the
membrane cytoskeleton [7,8], including spectrin, ankyrin,
and an adducin-like protein encoded by hts. Filamentous
actin has been identified in fusomes in males [9]. Near the
completion of mitosis, closure of the cytokinetic ring
arrests and a stable ring canal assembles, partly from its
remnants [10–12]. Fusome material appears in the
lumenal region of ring canals [5,6,13] and then a branch of
fusome material appears that connects material in the
spindle midbody and material in the pre-existing fusome.
The underlying mechanism whereby midbody material is
joined to the extant fusome is unknown. This acquisition
process is repeated three more times in Drosophila to gen-
erate a cyst of 16 interconnected germ cells (Figure 1b).
Although many aspects of germ cell proliferation and cyst
formation appear to be similar in males and females, it is
important to note that the composition and structure of
fusomes, as well as ring canals, are not identical [8,10–12].
KLP61F cycles between mitotic spindles and fusomes 
Confocal microscopy with antibodies directed against
KLP61F (see Materials and methods; Figure 1c,d) showed
differential distribution of KLP61F in somatic and
germline cells. In somatic cells, KLP61F was cytoplasmic
during interphase, localized to centrosomal asters at the
onset of mitosis in prophase and associated with spindle
structures during the remainder of mitosis (see Supple-
mentary material). In male germ cells, KLP61F was associ-
ated with fusomes during interphase (Figure 2a), but then
localized to centrosomal asters during prophase and to
spindles in metaphase (Figure 2b). Near telophase,
KLP61F colocalized with fusome material near the center
of the interpolar region of spindles (Figure 2c). Fields con-
taining multiple cysts showed staining in midbodies at
telophase that was brighter than staining in metaphase
spindles (data not shown), as if KLP61F was recruited and
concentrated in the midbody, rather than selectively lost
from the remainder of the spindle. Staining of KLP61F
corresponded to a restricted region of the midbody
(Figure 2d) that was retained after the midbody disassem-
bled (Figure 2e) and largely coincided with the lumenal
region of ring canals (Figure 2f). As KLP61F showed
similar cycling between spindles and fusomes in females
(see Supplementary material), KLP61F appears to be part
of the spindle residue observed by early cytologists that
accumulates in spindle midbodies and incorporates into
the persistent fusome. KLP61F, however, returns to
mitotic spindles at each prophase.
KLP61F exhibits microtubule-independent interactions
Cycling of KLP61F between spindles and fusomes sug-
gested interactions with a non-microtubule binding partner,
possibly one involved in fusome assembly. To test this
possibility, KLP61F localization was examined in hts
mutants. This work shows that hts males lack fusome
structures (see Supplementary material), as do hts females
[7,8]. KLP61F did not localize to branched structures
during interphase in either testes (Figure 3a) or ovaries of
hts mutants (data not shown), indicating that KLP61F dis-
tribution during interphase is probably not a result of self-
association, but instead requires interactions with other
proteins. Whereas KLP61F localization from prophase
through to metaphase was indistinguishable from that in
wild-type animals (Figure 3a, inset), KLP61F localized
along the full length of spindle midbodies during telophase
in hts mutants (Figure 3a) as it does in somatic cells. Given
that midbodies in both germline and somatic cells comprise
microtubules, KLP61F appears to gain microtubule-inde-
pendent interactions near telophase that restrict its localiza-
tion in spindle midbodies and underlie its subsequent
colocalization with fusome material during interphase. If so,
localization of KLP61F should be resistant to microtubule
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Figure 1
Germ cell cyst assembly and generation of
KLP61F antibodies. (a) At interphase a cyst
progenitor with a cortical fusome is shown in
red. In metaphase, the spindles are aligned
with one pole near the fusome, possibly
reflecting a dynein-dependent [15] and
dynactin-dependent [18] mechanism.
Fusomes show diminished density during
mitosis ([7,8]; P.G.W., unpublished
observations) depicted here as a smaller
fusome. In telophase, a ring canal forms and
fusome material appears in the spindle
midbody. In female Drosophila, the more
familiar mature ovarian ring canals develop
from these mitotic ring canals [11,12]. (b) A
complete cyst of male germ cells with the
fusome stained with antibodies against
α-spectrin (red) and ring canals stained with
antibodies against anillin (green) [19]. (c) The
structure of KLP61F. The sites of P element
insertions (triangles) in KLP61F1(klp.1) and
KLP61F3(klp.3) mutants are shown relative to
the transcriptional start (rightward arrow). The
primary structure of KLP61F shows the
plus-end-directed motor domain, α-helical
central stalk, BimC box, globular tail and the
region used to generate antibodies against
KLP61F (anti-KLP). (d) Immunoblot analysis.
Crude extracts (10 µg) of larval brains of wild-
type (wt), KLP61F1 (klp.1) and KLP61F3
(klp.3) mutants probed with antibodies
against KLP61F revealed that the expected
130 kDa protein (arrow) was diminished in
mutant animals. Exposures were chosen that
showed comparable signal in the 60 kDa
cross-reactive protein. 
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Figure 2
KLP61F cycles between spindles and fusomes
in proliferating germ cells. (a–f) Projected
series of optical images of wild-type testes
stained with antibodies against (a–f) KLP61F
(red) and (a–c) the adducin-like hts protein
(green), (d,e) α-tubulin (green) or (f) the septin
peanut protein (green). The stage of the cell
cycle was judged, in part, on the basis of
chromatin condensation (data not shown).
(a) Cysts of eight interphase cells showing
colocalization of KLP61F with the adducin-like
hts protein in fusomes. Interphase was
assigned by nuclei with decondensed
chromatin that excluded antibody staining.
(b) Cysts of metaphase cells showing KLP61F
localized to spindles rather than to the
persisting fusome. Position of condensed
chromosomes in one spindle is indicated with
an arrow. (c) Cyst of eight telophase cells
showing KLP61F and the adducin-like hts
protein largely colocalized in midbodies that
consistently extended ~0.5–1.0 µm along the
long axis of the spindle. Telophase was
assigned by decondensed chromatin in pairs
of small round nuclei, typically flanking a mass
of fusome material. (d) Enriched KLP61F
staining was not coincident with midbody
microtubules (arrow). (e) Enriched KLP61F
staining was retained when microtubules lost
their bundled appearance (arrow). Note
annular organization of KLP61F staining (small
arrow). (f) KLP61F staining localized within the
lumen of ring canals. Note low level of KLP61F
staining in the persistent fusome (asterisks)
during telophase in (e) and (f). These optical
images and all others are representative of
cytological analyses of more than three testes
in at least six separate experiments. The
magnification is identical in all parts of the
figure. The scale bar represents 2 µm.
depolymerization. To test this possibility, wild-type testes
were permeabilized with detergent to depolymerize micro-
tubules by dilution of tubulin (Figures 3b,c). Despite
depolymerization of virtually all microtubules, robust
fusome structures containing KLP61F were retained, indi-
cating that the localization of KLP61F to fusome structures
does not demand concomitant interactions with micro-
tubules. Testes treated in parallel showed that fusome orga-
nization, as indicated by antibodies against the adducin-like
hts protein, was also resistant to detergent and microtubule
depolymerization (data not shown). These results indicate
that KLP61F can be maintained in fusomes by micro-
tubule-independent interactions.
KLP61F is required for normal fusome organization
One value of a genetic approach is the potential to couple,
or uncouple, localization and function. To determine
whether KLP61F localization was functionally significant,
fusome organization was evaluated in larval testes of
hypomorphic KLP61F3 and KLP61F1 mutants [2,3]. Low
levels of expression precluded detection during mitosis,
but KLP61F was detectable during telophase (Figure 4a).
Given that adducin-like hts protein was undetectable or
weakly detectable in midbodies at telophase, KLP61F is
required to recruit fusome material to midbodies. Cysts of
interphase cells showed rings of KLP61F (Figure 4b) that
corresponded to the inner rim of ring canals as assigned by
immunolocalization of the septin protein peanut [14]
(data not shown). Thus, KLP61F appears to gain interac-
tions near telophase with a protein associated with ring
canals, possibly a fusome component, that directs its
spherical organization. Presumably, these interactions are
present in wild-type animals but are obscured by the
abundance of KLP61F in fusomes. Fusomes in KLP61F
mutant testes were typically fragmented (Figure 4), sug-
gesting that KLP61F contributes to fusome organization
as does cytoplasmic dynein [15]. Further work might
reveal whether KLP61F function in fusome organization
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Figure 3
KLP61F interacts with non-microtubule
binding partners in fusome structures.
(a) Projected series of optical images of hts1
mutant testes stained with antibodies against
KLP61F (red), γ-tubulin (green), and
4,6-diamidino-2-phenylindole (DAPI; not
shown). Note the absence of fusome-like
structures. KLP61F localized to spindles at
metaphase (inset) but extended throughout
the spindle midbody during telophase. The
bisecting line of nonstaining at the site of the
presumptive cytokinetic ring (arrow) is not
easily detected in wild-type animals. Testes
stained with antibodies against KLP61F and
α-tubulin showed directly that KLP61F
extended along the length of the spindle
midbody (data not shown). (b,c) Wild-type
(wt) testes stained with antibodies against
KLP61F (red) and α-tubulin (green) were
dissected in (b) phosphate buffered saline
(PBS) or (c) detergent-supplemented
phosphate buffered saline (PBST) containing
1% Triton (Pierce) and 10 mM ATP to release
KLP61F from microtubules [20].
Immunolocalization showed KLP61F localized
to fusome structures in (b) the presence and
(c) the virtual absence of microtubules. Similar
results were found in testes cultured with
nocodazole or colchicine to depolymerize
microtubules (data not shown). The scale bar
represents (a) 2 µm; (b,c) 5 µm. 
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Figure 4
KLP61F is required for normal fusome organization. Projected series of
optical images of KLP61F3 mutant testes stained with antibodies
against KLP61F (red) and the adducin-like hts protein (green).
(a) A cyst of telophase cells, assigned on the basis of decondensed
chromatin in pairs of small round nuclei flanking the apparent midbody
material. (b) A cyst of interphase cells showing rings of KLP61F
staining. One ring (inset) was magnified 2× and the signal from
KLP61F and the adducin-like hts protein were concomitantly enhanced
with red, green and blue levels in the program Photoshop. The
fragmentation of the persistent fusome in KLP61F3 shown here was
similar to that in KLP61F1 testes. The magnification is identical in all
the figures except the inset. The scale bar represents 2 µm.
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reflects a microtubule-dependent function such as trans-
port or whether KLP61F provides a microtubule-inde-
pendent function. Given the bipolar homotetrameric
organization of KLP61F, regions outside of its motor
domain could cross-link fusome components and stabilize
these structures as the motor domains are proposed to
cross-link microtubules and stabilize spindles.
This work shows that interactions with nonmicrotubule
binding partners can direct KLP61F localization during
interphase in germ cells. The molecular mechanism(s)
whereby KLP61F cycles between spindles and fusomes is
not clear. A consensus target site for a Cdk1 type of
kinase, however, lies in the conserved ‘BimC box’ near
the carboxyl terminus of KLP61F and other BimC
homologs [2]. Antibodies directed against phosphorylated
peptides within the BimC box in Xenopus Eg5 cross-react
with the BimC box in KLP61F, as indicated by spindle
staining of KLP61F in embryos [4] and in proliferating
germ cells (see Supplementary material). Although the
bulk of KLP61F in fusomes proved to be nonphosphory-
lated (see Supplementary material), further work must
establish whether phosphorylation regulates interactions
with nonmicrotubule binding partners and underlies
cycling between spindles and fusomes.
Material and methods
A translational fusion protein containing both glutathione transferase and
the amino acids encoded by the 1.5 kb BglII fragment of the KLP61F
cDNA [2] in pGex2 (Amersham Pharmacia Biotech) was used to immu-
nize four rabbits and three rats as described [3]. Rabbit immunoglobulins
of group G (IgGs) were precipitated with 50% (w/v) ammonium sulfate
and resuspended to one-tenth of the original volume and dialyzed against
phosphate buffered saline [3]. The BglII fragment was subcloned into
pQE32 (Qiagen) and antibodies against histidine-tagged polypeptides
were affinity purified from nitrocellulose [16]. Immunofluorescence [3]
and immunoblot analysis [17] was performed as described. Antibody
dilutions were as follows: KLP61F at 1:50–1:200 for immunofluores-
cence and 1:1,000 for immunoblot analysis; α-spectrin (D. Branton,
Harvard University) at 1:400; anillin (C. Field, Harvard University) at
1:1000; monoclonal antibodies 1B1 against adducin-like hts and 4C9H4
against peanut protein (Developmental Studies Hybridoma Bank, Iowa
City IA) at 1:100 and 1:4, respectively; lamin (H. Saumweber) at 1:10;
Eg5 peptides (D. Sharp and J. Scholey, UC Davis) at 1:25–1:50.
Supplementary material
Supplementary material available at http://current-biology.com/supmat/
supmatin.htm includes (Figure S1) immunolocalization of KLP61F in
somatic cells and (Figure S2) in proliferating germ cells, (Figure S3)
immunolocalization of spectrin in wild-type and hts mutant testes and
(Figure S4) immunostaining of wild-type testes with antibodies directed
against phosphorylated and nonphosphorylated peptides derived from
the BimC box of Eg5.
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Figure S1
Immunolocalization of KLP61F in somatic
cells. A projected series of optical sections of
wild-type larval brains, fixed and then stained
with antibodies against KLP61F (red) and
α-tubulin (green) such that areas of overlap
are seen as yellow/yellow-green. (a) KLP61F
is localized at centrosomal asters (arrow) in a
prophase cell, (b) spindles (arrow) in a
metaphase cell, and (c) along midbody
microtubules (arrow) in a telophase cell.
Surrounding interphase cells in each panel
show KLP61F diffuse in the cytoplasm.
Although all mitotic cells in larval brains
showed KLP61F staining, all interphase cells
did not (data not shown), suggesting that
KLP61F might be downregulated in
nonproliferating cells. The scale bar
represents 2 µm.
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Figure S2
Immunolocalization of KLP61F in proliferating female germ cells.
Ovaries of wild-type females were prepared for immunofluorescence as
described [S1] and stained with antibodies against (a–d) KLP61F
(red), (a,c) the adducin-like hts protein (green), (b,d) γ-tubulin (green)
and a fluorescent chromatin dye (data not shown). (a) Presumptive stem
cells (sc) in interphase showing colocalization of KLP61F and the hts
protein to the progenitor fusome, also known as the spectrosome
[S2,S3]. These cells were designated as presumptive stem cells by
their anterior position just distal to the somatically derived cells in the
terminal filament (tf) and in part by their size, the largest in the
germarium. It is possible, however, that one or more of these cells were
actually cyst progenitors generated by mitosis of a stem cell. As all
interphase germ cells showed colocalization of KLP61F and the
adducin-like hts protein in fusome structures, KLP61F is apparently a
component of fusomes in stem cells as well as in cysts of proliferating
germ cells. (b) Two presumptive stem cells (sc; arrows) showing
KLP61F staining of fusome structures. This panel also shows KLP61F
localization to one metaphase spindle (m) in a neighboring cyst of eight
cells (data not shown). Although centrosomes are visible at the poles of
the spindle, centrosomes in the presumptive stem cells are out of the
optical sections projected in this image. (c) Cyst of cells near telophase
with KLP61F and the adducin-like hts protein colocalized in midbodies
(arrowheads) surrounding a persistent fusome (asterisk). Telophase
was assigned in this image by pairs of small round nuclei containing
decondensed chromatin and flanking a mass of fusome material. Similar
to male germ cells, female germ cells stained with antibodies against
α-tubulin and KLP61F or spectrin showed directly that fusome material
accumulates in the spindle midbody at telophase (data not shown). This
material probably corresponds to the fusome plugs previously
described as forming in interphase [S4]. (d) Cyst of eight interphase
cells showing KLP61F localized to a fusome. Also similar to male germ
cells (data not shown), localization of the ~16 centrosomes lacked a
detectable pattern with respect to the fusome during interphase. The
arrows show two centrosomes in one cell. Taken together with
localization in males, these observations indicate that KLP61F cycles
between mitotic spindles and fusomes in females as it does in males. 
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Figure S3
Fusome-deficient hts testes lack fusomes. Mutations in the hts gene
are female-sterile, lacking fusome structures [S5,S6]. Localization of
the adducin-like hts protein to fusome structures in males suggested
that this gene product might be required for fusome organization in
males as it is in females. Because α-spectrin was coincident with
adducin in wild-type testes (data not shown), testes of (a) wild-type
(wt) and (b) hts1 mutant (hts) stained with antibodies against
α-spectrin (red) and lamin (green). Images show that hts testes lack
fusome structures in cysts of mitotically proliferating germ cells near
the apical tip of the testis. The hts1 mutant used in this study (provided
by A. Spradling, Carnegie Institute of Washington and D. McKearin,
Southwestern University) is male fertile, but it is not yet clear whether
mutant males are free of cytological defects. The magnification is
identical in all parts of the figure. The scale bar represents 10 µm. 
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Figure S4
Cell-cycle-dependent phosphorylation of
KLP61F. Cycling of KLP61F between
spindles in mitosis and fusomes during
interphase raised the question of whether
phosphorylation plays a regulatory role. The
antibodies generated in this study
(Figures 1b,c) were directed against a
bacterially expressed, and thus
nonphosphorylated, KLP61F polypeptide that
presumably includes epitopes common to
both phosphorylated and nonphosphorylated
forms of KLP61F. A previous study directed
antibodies against peptides derived from the
BimC box in Xenopus Eg5
(PTGTT*PQRRDYA in single letter amino acid
code), one phosphorylated at the preferred
target threonine (T*) of Cdk1 kinase and the
other lacking this modification [S7]. For clarity,
these antibodies are designated here as
antibodies against phospho-Eg5 and
nonphospho-Eg5. These antibodies cross-
react with both phosphorylated and
nonphosphorylated forms of the BimC box in
KLP61F (PTFGTTPSKRDFV) [S7]. To
determine whether the bulk of KLP61F was
phosphorylated during mitosis and
nonphosphorylated during interphase, wild-
type testes were stained with (a–c) antibodies
against phospho-Eg5 or (d–f) nonphospho-
Eg-5 peptides. Although the Eg5-directed
antibodies were preabsorbed to either the
phospho-Eg5 or the nonphospho-Eg5 peptide
to eliminate or reduce recognition of
nonimmunogenic peptide [S7], in this study
antibodies were preincubated with competing
with peptides derived from the BimC box of
KLP61F, one that was phosphorylated and
one that was not. These phospho-KLP61F
and nonphospho-KLP61F peptides included
an added amino-terminal cysteine, as did the
Eg5 peptides. Peptides were purified by
HPLC and confirmed by amino acid sequence
analysis (University of Wisconsin
Biotechnology Center, Madison, WI). The
scale bar represents 2 µm. In the absence of
competing peptide, antibodies against
phospho-Eg5 stained (a) spindles in
metaphase cells (m), inferred from the linear
array of chromosomes and fiber-like staining
(large arrow) expected of spindles. A mass of
staining (small arrow) was adjacent to the
spindle depicted in this image might reflect
material in the midbody of a neighboring cell.
(b) Some cysts showed staining of midbodies
(large arrow marks one such structure in this
image) near telophase, judged on the basis of
nuclei with decondensed chromatin and/or
branched fusome structures (small arrow).
Staining of both the spindle and fusome
structures presumably reflect staining of both
phospho-KLP61F and nonphospho-KLP61F
as previously detected by immunoblot analysis
[S7]. (c) When these antibodies were
preincubated with nonphospho-KLP61F
peptide, spindle staining was retained (data
not shown), but virtually all fusome staining
was lost. In some experiments (n > 6) utilizing
more than six testes each, ring canal-like
staining was occasionally retained. As such
staining was not found in all cells or in all
cysts, the residual staining might reflect
incomplete peptide competition for antibody
recognition or variation in the rate of KLP61F
dephosphorylation with exit from mitosis.
Taken together, these results suggest that
KLP61F might be phosphorylated by a
serine/threonine kinase like Cdk1 during
mitosis and that the bulk of KLP61F in
fusomes is nonphosphorylated. (d–f) The
reciprocal experiment was more difficult to
interpret. In the absence of preincubation with
competing peptides, antibodies directed
against the nonphospho-Eg5 showed diffuse
particulate staining and did not show
detectable staining of either (d) spindles,
inferred from cells with metaphase-like (m)
arrays of condensed chromosomes (arrows),
or (e) fusomes, inferred from the lack of
branched structures like those in wild-type
animals. In the absence (data not shown) or
(f) presence of competing phospho-KLP61F
peptide, ring canal-like staining (arrow) was
occasionally observed, but the expected
number was never observed and most cysts
lacked such staining altogether. One possible
explanation for the failure to detect spindles
and fusomes with antibodies against
nonphospho-Eg5 is that KLP61F is
phosphorylated throughout the cell cycle. If
so, loss of fusome staining by nonphospho-
Eg5 peptide reflects competition for antibody
recognition of phospho-KLP61F. A simpler
explanation (and this is not mutually exclusive
with the above explanation) is that antibodies
against nonphospho-Eg5 show low
immunoreactivity with KLP61F with cytological
techniques even though they are useful for
immunoblot analysis [S7]. It should be noted
that nuclear staining in male germ cells was
detected with both antibodies but that the low
levels precluded meaningful interpretation. 
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